A compression wave is generated when a high-speed train enters a tunnel that is then propagated through it. The arrival of the compression wave at the tunnel exit portal causes the emission of a micro-pressure wave [1, 2] . The micro-pressure wave has become one of the major environmental problems of high-speed railways in mountainous region, e.g. Shinkansen in Japan.
1. Introduction 1. Introduction 1. Introduction 1. Introduction 1. Introduction A compression wave is generated when a high-speed train enters a tunnel that is then propagated through it. The arrival of the compression wave at the tunnel exit portal causes the emission of a micro-pressure wave [1, 2] . The micro-pressure wave has become one of the major environmental problems of high-speed railways in mountainous region, e.g. Shinkansen in Japan.
Yamamoto [1] constructed a prediction model of the micro-pressure wave, called here the 'radiation solid angle model'. The radiation solid angle model shows that the magnitude of the micro-pressure wave is approximately proportional to that of the pressure gradient of the compression wave at the exit portal. Therefore, the radiation solid angle model indicates that the tunnel entrance hood [2] and the optimization of the train nose shape [3, 4] can reduce the micro-pressure wave because they reduce the pressure gradient of the compression wave at the entrance and the exit portal. So far, numerous countermeasures against the micro-pressure wave on the Shinkansen have been implemented. However, due to the fact that the running speed of Shinkansen trains is likely to increase, the micro-pressure wave will become larger which means that countermeasures will have to be adapted to larger scale. The higher the speed of a Shinkansen train entering a tunnel, the higher the accuracy of the micro-pressure wave prediction need to be. This paper introduces a new simple model for the micro-pressure wave prediction. It is based on the boundary integral equation and includes the radiation solid angle model. Its introduction is discussed in chapter 2 and the accuracy of the results is demonstrated in chapter 3.
2. Theoretical model for micro-pressure wave emission 2. Theoretical model for micro-pressure wave emission 2. Theoretical model for micro-pressure wave emission 2. Theoretical model for micro-pressure wave emission 2. Theoretical model for micro-pressure wave emission considering the effects of topography around the considering the effects of topography around the considering the effects of topography around the considering the effects of topography around the considering the effects of topography around the tunnel portal tunnel portal tunnel portal tunnel portal tunnel portal 2. The radiation solid angle model assumes that the frequency of the compression wave on arrival at the exit portal is very low and that the observation point is far enough from the exit portal. The formula of the radiation solid angle model [1] is as follows:
where t : time, p MW : micro-pressure wave, p in : compression wave on arrival at the tunnel exit portal, c : speed of sound, r : distance of the observation point from the center of the tunnel exit portal, Ω: solid angle around the tunnel exit portal (radiation solid angle), S: cross-sectional area of the tunnel exit portal. Given the assumption that the distance r is sufficiently greater than the equivalent radius a of the tunnel with its mirror image ( a S = 2 π ), the accuracy of prediction of the radiation solid angle model declines where a r is not so small, in other words, when the observation point is in the vicinity of the exit portal.
This section introduces a new simple prediction model for the micro-pressure wave. It is based on the boundary integral equation and takes into account the effects of topography around the exit portal.
The micro-pressure wave and the compression wave in the tunnel are governed by the following Helmholtz equation: is given as follows:
where G: Green's function, n n n n n: the unit normal on Γ, x x x x x: the observation point, y y y y y: the source point, ∇y : space differential operator with respect to y y y y y, dS y : surface integral with respect to y y y y y. Consider that the topography around the exit portal is as shown in Fig. 1 , the acoustic domain V is all out of the tunnel, and the boundary surface Γ of V is given by above (e.g. a ground surface or a mountain). Furthermore, assume that the origin of the rectangular coordinates is taken at the center of the tunnel exit portal as shown in Fig. 1 .
Assume that the surfaces Γ W and Γ M are rigid and
Consider that the boundary S J is a junction surface connecting the mountain and the tunnel, and assume that
Use Green's function satisfying
Using the equations (4), (5) and (6), the equation ( 
Assume the following, namely, (a) low frequency compression wave arrives at the tunnel exit portal, (b) the reflection coefficient at the tunnel exit portal is just one, (c) the pressure and the velocity are distributed uniformly at the tunnel exit portal and (d) the non-dimensional distance r a is large enough.
By the assumptions (a), (b) and (c), we have
where = 0 61 2 . S π is the end-correction of the tunnel exit portal and i denotes the imaginary unit. Substituting (8) and (9) to (7) with the assumption (d), we have
where, by the assumption (d), only the first term of the Taylor series of p y ( ) in the surface integral is considered.
Its other higher order terms can be considered if necessary. The acoustic field expressed by (10) is equivalent to the acoustic field surrounded by only the boundaries Γ W and Γ M with the following sources
where δ is the delta function. The first and second terms of (10) express the effects of a point monopole source and a point dipole source, respectively. Thus, the equation (10) This section describes application of the model introduced above to the topography shown in Fig. 2 (a) . The topography consists of an infinite vertical baffle plate and an infinite ground plane. The acoustic field as shown in Fig. 2 (a) is simplified by the application of the model to the acoustic field as shown as in Fig. 2 (b) . In this case, the Green's function satisfying is given analytically as follows:
where L: distance from the origin at the center of the tunnel exit portal to the infinite baffle plate and
L y y y . The micro-pressure wave in the time domain is obtained as follows by applying the inverse Fourier transform after substituting (12) to (10).
where The equations (16) and (17) express the contribution from the dipole source. These show that the micro-pressure wave has directivity derived from the dipole. Meanwhile the solid angle in (1) can be written as follows in the case of the topography of Fig. 2 .
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Thus, the prediction results from the multipole source model agree completely with those from the solid angle model, when L = 0 or L → ∞ with the assumption that . → 0 in (13) − (17). This study also shows that the multipole source model agrees with the solid angle model in some special cases and with some assumptions, which means that it is a natural extension to the latter.
Model experiments
The model experiments were performed to verify the accuracy of prediction results obtained through the multipole source model in the acoustic field shown in Fig. 2 using a train launcher apparatus [5, 6] as shown in Fig. 3 (a). In these model experiments, the infinite ground plane was modeled by the method of image.
The models of the main tunnel and its branch tunnel have the same cross-section as shown in Fig. 3 . The micro-pressure waves were measured around the branch exit portal to avoid interference between the train model and the microphones. The main tunnel and the branch tunnel respectively consist of a 14 m long and a 2.2 m long horizontal, circular cylindrical pipe made of hard vinyl chloride, with an inner diameter of 100 mm. The actual semi-circular cross-sectional area of the Japanese Shinkansen tunnel is 63.4 m 2 . When this is doubled to take account of the image tunnel in the ground plane, the equivalent circular cylindrical tunnel has radius 6.35 m, which means that the experiments are 1 / 127 of full scale. The train model properties are given in Table 1 .
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The reference compression wave expressed by (19) is shown in Fig. 7 . The final pressure rise is 2 kPa, the maximum value of the pressure gradient is 1.27 MPa/s (i.e. 10 kPa/s for full scale existing Shinkansen tunnels), and the representative wavelength determined by dividing the final pressure rise by the maximum value of the pressure gradient, is 540 mm (i.e. 70 m). In this paper, the experimental maximum value of the micro-pressure wave is given by an average of the maximum values of the transformed micro-pressure waves corresponding to the entered p t, ref as follows:
ŵ here F -1 : inverse Fourier transform, Z: transfer function and MPW max : the maximum value of the micro-pressure wave. Figure 8 shows the above-mentioned procedure. This is because, in the solid angle model, it is assumed that a spherically symmetrical acoustic wave is only radiated from a monopole source.
The effect of the baffle plate on MPW max is shown in Fig. 10 . This clearly shows that there is a critical distance L cr around 20 m. In the case L < L cr , the smaller the value 
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= 315 mm). = 315 mm). = 315 mm). = 315 mm). Fig. 7 Reference compression waveform. Fig. 7 Reference compression waveform. Fig. 7 Reference compression waveform. Fig. 7 Reference compression waveform. Fig. 7 Reference compression waveform. Ozawa [2] and Nagai, et al. [7] reported that the micro-pressure wave has directivity. Experimental results in the present paper confirm this. This directivity can be explained by the dipole source as shown in Fig. 9 . The assumption that the multipole source model consists only of the monopole source without the dipole source reduces the accuracy of prediction as shown in Figs. 9 and 11.
When θ = 0°, the observation point lies on the tunnel axis ahead of the exit portal, namely on the track in the case of a railway. It can be seen from Fig. 9 that MPW max measured on the track is larger than MPW max measured at any other point, when the topography around the portal is almost a flat plane. However, when the topography consists of a ground plane with a baffle plate, the observation point where the maximum value of MPW max is measured changes, depending strongly on the ratio L / λ, where λ is the wavelength of the compression wave, viz. the micro-pressure wave. As shown in Fig. 10 , the value of MPW max measured at the baffle plate is large because the micro-pressure wave is completely reflected at the 'rigid' baffle plate. Thus, when L is small (r = 20 m), the maximum value of MPW max is measured at the observation point near the baffle plate, namely at the observation point having a large θ value. When the baffle plate is too far for the effect of reflection from it to be considered, the effect of the directivity of the dipole source alone is dominant. Thus, when L is large, the maximum value of MPW max is measured at the observation point near the tunnel axis ahead of the exit portal having a small θ value. In the case of r = 50 m, the observation point is too far away for the effect of the directivity of the micro-pressure wave to be taken into account and the effect of the refection at the baffle plate is dominant. Thus the observation point, where the maximum value of MPW max is measured, always has a large θ value.
While the solid angle in (1) can be calculated easily in general, the Green's function (6) can be obtained analytically only in a few limited cases, and needs to be computed numerically using the boundary elemental method, the finite differential method, and so on, for practical cases involving railway tunnels. Subsequently, while the multipole source model has high prediction accuracy because it uses the stricter Green's function (6) it also means that obtaining prediction results using this model requires more effort than when having recourse to the solid angle model. A new simple prediction model for the micro-pressure wave has been proposed. It can take into account the effect of topography around the tunnel exit portal and directivity of the micro-pressure wave. Prediction accuracy was verified experimentally. Predicted results corresponded well to experimental results. In this paper, experimental verification was performed only in cases where the Green's function can be given analytically. Hence, it is necessary to verify the effectiveness of the model for cases where the Green's function is given only numerically.
